Cavitation is a common and destructive process on spillways that threatens the stability of the structure and causes damage. In this study, based on the nearest neighbor model, a method has been presented to predict cavitation damage on spillways. The model was tested using data from the Shahid Abbaspour dam spillway in Iran. The level of spillway cavitation damage was predicted for eight different flow rates, using the nearest neighbor model. Moreover, based on the cavitation index, five damage levels from no damage to major damage have been determined. Results showed that the present model predicted damage locations and levels close to observed damage during past floods. Finally, the efficiency and precision of the model was quantified by statistical coefficients.
INTRODUCTION
The spillway is one of the most important hydraulic structures designed to prevent overtopping of dams and provide sufficient safety and stability during floods. High flow velocities on spillways of high dams could generate low pressure, create cavitation and cause serious damage over time (Khatsuria ) . The cavitation phenomenon in hydraulic structures can be a function of flow pressure and velocity, boundary roughness and alignment, duration of operation, strength of materials from which the boundary is constructed, and the amount of dissolved air in water (Falvey ) .
The occurrence of cavitation damage on a spillway can be predicted using a cavitation index, which is a dimensionless measure utilized to characterize the susceptibility of a hydraulic structure to cavitate (Equation (1)). In this method, to prevent cavitation damage on a spillway, it is necessary to keep the flow cavitation index higher than the cavitation inception index (σ > σ i ) everywhere on the structure
where V refers to flow velocity, P refers to flow pressure, P v is water vapor pressure and ρ is water density.
Examples of cavitation damage in dam spillways are well documented, and many efforts have been made to investigate the mechanism of damage. Hydraulic modeling such as Hay (), Momber (), Nie (), Dong & Su () and Dong et al. () has successfully investigated the occurrence of cavitation damage on spillways under controlled laboratory conditions such as surface roughness and irregularities, water temperature, fluid pressure and velocity, etc. Moreover, recent development in computer science and numerical techniques has advanced the use of numerical modeling as a powerful tool for the investigation of flow characteristics, for example, Falvey (), Charles & Zhou (), Cheng et al. () and Zhenwei et al. () .
Although prevention of cavitation has been considered in various research, there is still lack of a method to clearly estimate the risk of cavitation damage for a spillway under different conditions. In other words, most of the earlier studies discussed the phenomenon for limited values of flow rates and specific conditions, and design decisions were made based on the results; however, the phenomenon does not necessarily occur in high flow rates all the time and it is important to consider different conditions. In this study, using nearest neighbor modeling, a method has been developed to predict cavitation damage risk for a spillway with respect to different values of flow rates. The present model can be utilized to predict cavitation damage severity along a spillway. It may be possible to take the necessary measures to prevent damage with respect to the damage conditions in each area of the structure, such as determination of the optimal aerator locations and other design considerations.
K-NEAREST NEIGHBOR MODEL
The k-nearest neighbor model (K-NN) is a nonparametric machine learning algorithm, which is widely used in pattern recognition and data mining. In this model, it is used to classify an unknown instance based on the known classification of its neighbors. The model is fed with a training set, and this training set is used to classify objects. The input objects are classified based on the K number of the most similar neighbors ( The first step in the K-NN model is to find the distance between training and test data. The choice of an appropriate distance measure is very important in the model. Commonly, the Euclidean distance measure is used (Equation (2))
where X refers to training data with specific parameters (x 1 to x n ) and Y refers to test data with specific parameters (y 1 to y n )
Then, the distances for all the objects in the training set are sorted into ascending order, and nearest neighbors are determined based on the minimum distance (maximum similarity). The most important step in this model involves identifying the K parameter, which is the number of the closest neighbors in the space of interest. With a large value of K, it is possible that classes with a great number of classified samples overwhelm small ones, or the neighborhood may include too many points from other classes. Conversely, if K is too small, the result can be sensitive to noise points (Hastie et al. ; Xindung & Kumar ) .
The best value for K can be obtained using the n-fold cross-validation method. In this method, the data set is divided into K equal-sized parts. For the Kth part, the model is fitted to the other K-1 parts of the data, then the prediction error of the fitted model is calculated with respect to the predicted Kth part of the data. This is done for all values of K (k ¼ 1, 2,…, K ), and combining the K estimates of the prediction error (Hastie et al. ) .
MODEL APPLICATION
The Shahid Abbaspour dam is a large arch dam on the Karun River located 50 km northeast of Masjed Soleiman, in the Khuzesten province of Iran. The dam chute spillway consists of three bays with a width of 18.5 m, which are controlled by radial gates of 20 × 15 m (Mahab Ghodss Consulting Engineers ).
In the background of this spillway operation, there are various cavitation damage reports. The first cavitation damage happened in 1977, which caused serious damage to the end areas of the chute and the flip-bucket. The flow rate values for each bay were reported as being about 300-700 m 3 /s. The most severe cavitation damage occurred in 1993 during an estimated flood of 92 m 3 /s/m (Kiamanesh ).
MODEL PREPROCESSING AND IMPLEMENTATION
Based on several measurements, values of water depth, velocity and piezometric pressure were calculated along the Shahid Abbaspour dam spillway for different flow rates (Fadaei-Kermani & Barani ). In this study, eight different flow rates have been considered and flow characteristics obtained under conditions from all of the different flow rates. Then, the cavitation index values were calculated according to corresponding flow velocity and piezometric pressure values. The cavitation index equation (Equation (1) ) on a spillway surface is expressed as
where P At =γ is atmospheric pressure, which is considered 10.33 m water height in normal situation, P v =γ is the vapor pressure of water that is considered 2,450 Pa or 0.25 m water height at 20 W of centigrade and θ is angle between tangent to chute curvature and horizontal. Figure 1 shows the cavitation index values for all flow rates; moreover, the spillway profile is been shown in Figure 2 .
In this study, five different levels have been considered for cavitation damage risk to a spillway surface ( Table 1) . The levels are presented based on flow cavitation index. The level intervals have been determined based on previous experiments and research and also on the mechanism of cavitation damage on the Shahid Abbaspour dam spillway (Fadaei-Kermani et al. ). First, the spillway structure is divided into eight regions from 50 m after the spillway crest to the flip-bucket. Using Equation (2), the distances between the calculated cavitation index values and damage intervals are determined. Then, the distances are sorted into ascending order and labeled.
Before working with the K-NN model, to avoid bias toward one attribute or the other, the data need to be normalized; therefore, all input data (cavitation index) are transformed to obtain variables, with distribution having zero means and standard deviation of one using the following equation:
where X 0 represents the value of a normalized attribute and x and σ(x) are the mean and standard deviation of the observed attribute value in the reference data set.
Finally, the efficiency and precision of the model could be evaluated by statistical coefficients. The Pearson correlation coefficient (r) is a measure that indicates the strength and direction of a linear relationship between two variables (model output and observed values). The Pearson correlation coefficient can be obtained from Equation (5) r ¼
where y i is the value of the ith predicted attribute, x i is the value of the ith measured attribute and n represents the number of attributes.
The values of correlation coefficients range from À1 (a perfect decreasing linear relationship) to þ1 (a perfect increasing linear relationship). The absolute value of the correlation coefficient indicates the strength of the relationship, with larger absolute values indicating stronger relationships (Dashtaki et al. ) . In addition to the correlation coefficient, root mean square error (RMSE), mean absolute error (MAE), normalized root mean square error (NRMSE) and coefficient of residual mass (CRM) have been used to evaluate the model 
The RMSE value indicates how much the model underor overestimates the measurements, and the CRM is a measure of the tendency of the model to overestimate or underestimate the measurements. For a perfect fit between observed and predicted data, the values of RMSE, MAE and CRM should equal 0.0.
RESULTS AND DISCUSSION
Using the data from the Shahid Abbaspour dam, a method has been applied to predict cavitation damage on a spillway surface using the K-NN model. Figure 3 shows the K-NN model algorithm for predicting cavitation damage on spillways. In the beginning of computations, the optimum value for K has been obtained using the four-fold cross-validation method. Figure 4 shows the precision of the method based on the sum of squares error (SSE) coefficient. According to Figure 4 , five values of K (4, 8, 11, 14 and 15) produced the same lowest error. The value of SSE equal to 15 was selected, because larger values of K often smooth the K-NN model, thereby minimizing the risk of overfitting. Then, the cavitation damage risk for the spillway was predicted using the K-NN model. Table 2 shows the situation of cavitation damage risk along the spillway structure considering different values of flow rates.
According to the results of the K-NN model, this spillway is at risk of cavitation damage and the major damage will occur at the end areas of the chute (distance of 200-250 m from the spillway crest). By comparing results of the present model with actual cavitation damage that has occurred on the spillway during past floods, it can be seen that the K-NN model gives reasonable predictions of cavitation level and length.
To quantify prediction accuracy and precision of the model, the Pearson correlation coefficient (r), RMSE, MAE and CRM were calculated and are shown in Table 3 . The high value of the Pearson correlation coefficient indicates a strong relationship between variables, and the low MAE, RMSE and CRM values show the reasonable precision and low error of the K-NN model.
CONCLUSION
By accurate determination of damage conditions along a spillway structure, it is possible to take the necessary measures to prevent damage with respect to damage severity in each area. In the current paper, the cavitation damage risk for a spillway was predicted using the K-nearest neighbor model. The method was applied to Shahid Abbaspour dam spillway in Iran. Results showed that the K-NN model gives good predictions of cavitation damage levels and locations compared with the damage data observed for the spillway during past floods. Finally, the efficiency and accuracy of the model was evaluated using some statistical coefficients. Reasonable values for the Pearson correlation coefficient (R ¼ 0.862), root mean square error (NRMSE ¼ 0.1153), mean absolute error (MAE ¼ 0.197) and coefficient of residual mass (CRM ¼ 0.0087) indicated that the K-NN model is strongly suitable and efficient. The present effort can be utilized in spillway design consideration; however, it is suggested that the other effective factors on cavitation damage are also considered in further works. 
